Tyrosinase (monophenol monooxygenase; monophenol, L-dopa:oxygen oxidoreductase, EC 1.14.18.1) is a key enzyme in the synthesis of melanin. Reduced levels of tyrosinase play an important role in albinism. The data described here show differences in the expression and characteristics of tyrosinase in cutaneous murine melanocytes grown in culture from normal wild-type strains (C/C); from three albino locus mutants: himalayan (ChiCh), chinchilla (cch/cch), and albino (c/c); and from the double-mutant heterozygous pink-eyed chinchilla (cchp/cp). Our results suggest that the diminished pigmentation in all mutants is due to abnormal posttranslational modification of the enzyme: the levels of mRNA for tyrosinase in wild-type, himalayan, and pink-eyed chinchilla melanocytes are similar; the himalayan mutation confers a deficiency in N-linked glycosylation, which results in an extremely unstable enzyme that is also temperature sensitive; the chinchilla and albino mutations confer susceptibility to proteolytic cleavage; the pink-eye dilution confers a reduction in the levels of immunoprecipitable tyrosinase, and what little enzyme there is fails to be translocated from the trans-Golgi network to melanosomes. The kinetics of activation and inhibition of the enzyme by the cofactor dopa are unique for the mutants tested and differ from those of tyrosinase from wild-type melanocytes. The findings support the conclusion that the albino locus in mice encodes the structural gene of tyrosinase.
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Tyrosinase (monophenol monooxygenase, EC 1.14.18.1) is a multifunctional copper-based monophenol, dihydroxyphenylalanine:oxygen oxidoreductase (1) . The enzyme plays a key role in the biosynthesis of melanin. In animal pigment cells, melanogenesis is restricted to specialized organelles, the melanosomes, but tyrosinase can be demonstrated histologically also in the trans-Golgi network (2) .
Genetic control of pigmentation has been studied extensively in mice and involves over 50 gene loci and more than 130 determinants (3) . The C or albino locus on murine chromosome 7 is considered to be the likely site of the structural gene for tyrosinase (4) . Known mutations at this locus are associated with diminished tyrosinase activity and coat pigmentation. Alleles of the black wild-type C include c, albino; ch, himalayan; cch, chinchilla; and ce, extreme dilution. Mice heterozygous for these alleles have levels of tyrosinase activity intermediate between those of the parental mice (4) . In addition, the skin of albino mice c/c with no detectable tyrosinase activity contains an immunologically reactive protein indicative of the presence of an inactive enzyme (5) , and the himalayan mutation confers temperature sensitivity on tyrosinase activity and coat color (4, 6) .
A major obstacle in drawing conclusions at a molecular level has been the unfavorable ratio of melanocytes to other cells of the skin and hair. The available melanoma cell lines are not suitable for answering questions concerning the known murine C locus mutations. This obstacle is now alleviated because recently a procedure was described for the large-scale culture of normal murine melanocytes from the skin of newborn mice (7) . The recent isolation of human tyrosinase cDNA and its assignment to the C locus (8) and the data described here demonstrate that the C locus in mice represents the structural gene for tyrosinase.
MATERIALS AND METHODS
Melanocyte Cultures. The following mice were obtained from The Jackson Laboratory: C57BL/6J-C/C(B6), B10.BR-C/C, himalayan C57BL/6J-Ch/Ch, chinchilla-SHI/Le cchsh-J/Cch +, albino BALB/cJ-c/c, pink-eyed chinchilla-129/J A"/A"; cchp/cp (mice expressing the pink-eye dilution and chinchilla mutations heterozygous for the c allele). Pure cultures of melanocytes were established from the dermis of 1-day-old mice as described elsewhere (7) . Melanocytes were grown in TAP medium, which is Ham's F-10 medium plus 48 nM phorbol 12-myristate 13-acetate/0.1 mM N6-2'-dibutyryl adenosine 3 were used as negative controls. Aliquots of supernatant (150 or 250 p1) were then assayed for radioactive 3H20 (9) , and the melanocytes were detached with trypsin EDTA solution and counted. Relative tyrosinase activity was expressed in terms of cpm per 105 cells per hr.
Cell extracts. Melanocytes were harvested in trypsin EDTA solution, washed twice with phosphate-buffered saline (PBS), centrifuged into pellets, and resuspended in PBS plus 1% Nonidet P-40 (NP-40), unless mentioned otherwise. Protein was measured by the Bio-Rad assay, with bovine serum albumin as the standard; 10-320 jig of protein was used to measure tyrosinase activity by Pomerantz's assay (9) . One unit of tyrosinase is defined as the activity of enzyme that catalyzes the oxidation of 1 ,tmol of tyrosine per min.
Abbreviation: NP-40, Nonidet P-40.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (18.3 Ci/mmol; Amersham) overnight as described (10) (11) (12) . The cells were harvested and centrifuged, and the pellets were resuspended in 200 Al of PBS/1% NaDodSO4 and incubated for 1 min at 95°C. The lysates were diluted 1:10 with lysis buffer (PBS/1% NP-40/1 mM dithiothreitol/0.1 mM phenylmethylsulfonyl fluoride), and immunoprecipitation was carried out with anti-tyrosinase antibodies as described (10) except that the mixture was made 10% or 40% with respect to dry milk before the addition of 30 ,1l of IgGSorb (IgGSorb, The Enzyme Center, Malden, MA) in 10% dry milk. Serum from nonimmunized rabbits served as a control. Immune complexes were resolved on NaDodSO4/PAGE and fluorographed at -70°C. The intensity of the bands was measured by a densitometer at 500 nm (Beckman DU-8BUV/Vis spectrophotometer).
Ultrastructure and Dopa Cytochemistry. Melanocyte cultures were fixed in situ and then processed as cell pellets as described (13) .
RNA Blot Hybridization. Poly(A)+ mRNA from murine melanocytes was fractionated on a 1.2% formaldehyde denaturing gel (14) , transferred to a GeneScreenPlus membrane (New England Nuclear), and hybridized with a 32P-labeled murine tyrosinase genomic fragment, PTY-1 (15) . PTY-1 was isolated from a mouse genomic library by use of a human tyrosinase cDNA probe (8) and contained the 5' end of the coding sequence of mouse tyrosinase gene.
RESULTS
Melanin Content and Tyrosinase Activity. Melanocytes from black strains and chinchilla were always highly pigmented. The color of himalayan melanocytes fluctuated during prolonged culture. Melanocytes from the BALB/c and pink-eyed chinchilla mice were amelanotic.
Melanin content correlated positively with tyrosinase activity as measured in living cells (Table 1) . In cell extracts, tyrosinase activity of melanotic himalayan melanocytes was considerably lower than expected on the basis of the cells' pigmentation. In fact, tyrosinase activity could not be detected in three of seven independent cultures. In one experiment, tyrosinase activity in melanotic himalayan melanocytes was 1/20th that of amelanotic pink-eyed chinchilla melanocytes (2 vs. 42 microunits per mg of protein). Several methods of cell disruption were tried to determine whether inactivation correlated with the procedures used in the preparation of extracts. These procedures included one cycle of freezing and thawing in PBS; sonication in PBS on ice; or suspension in nonionic detergent (1% NP-40) in PBS, at room temperature or at 37°C, just prior to testing. Regardless of method, the tyrosinase activity of himalayan melanocyte extracts was lower than expected by a factor of at least 10-100 on the basis of melanin.
To determine whether extracts from himalayan melanocytes contained an inhibitor, assays were carried out at 30°C and 37°C on a mixture of 56 and 312 ug of protein of B1O.BR and himalayan cell extracts, respectively. The specific activity of B1O.BR tyrosinase remained the same, approximately 300 and 490 microunits per mg of protein at -'~~C. (Fig. 1A) . Tyrosinase in himalayan cell extracts reached maximal activity at 30'C and then dropped. The responses in live cells were similar (Fig. 1B) and showed that tyrosinase of himalayan melanocytes was temperature sensitive. Dopa at low concentration is an accelerating cofactor for tyrosinase activity, whereas at high concentration it acts as an inhibitor (16) . To find out whether differences in activity might reflect differences in the sensitivity of tyrosinase to dopa, assays were done in the presence of graded concentrations of dopa (Fig. 2) . At 30TC, dose responses in himalayan and B1O.BR melanocyte extracts were similar, but at 37TC the himalayan tyrosinase required '20 times less dopa than B1O.BR tyrosinase to become maximally active, and was partially inhibited at a dose lower than that required for inhibition of B1O.BR tyrosinase. Tyrosinase from the pinkeyed chinchilla, measured at its optimal temperature of 45TC (unpublished observations), also displayed a dose response to dopa that differed from that of wild-type tyrosinase. To become fully activated, the tyrosinase from pink-eyed chinchilla required a 40-fold higher dose of dopa than did B1O.BR tyrosinase. The concentration of dopa for inhibition was similar to that for B10.BR tyrosinase.
Immunoprecipitation with Anti-Tyrosinase Antibodies. These studies were carried out to determine whether enzyme activity correlated with abundance of immunoprecipitable tyrosinase protein, as well as to determine the size of the protein and the incorporation of mannose. Wild-type tyrosinase appeared as a major band of Mr 80,000 and a minor one of Mr 64,000 (Fig. 3A) , the bands corresponding, respectively, to fully and partially glycosylated enzyme (10) (11) (12) . In himalayan melanocytes, by contrast, the major tyrosinase band appeared as the lower molecular weight form (Fig. 3A, lane 1). Even in dark himalayan melanocytes, only a fraction of the tyrosinase appeared fully processed (Fig. 3A, lane d) .
That the himalayan tyrosinase was deficient in glycosylation is shown in Fig. 3B Immunoprecipitation of BALB/c and chinchilla tyrosinases revealed low molecular weight forms of tyrosinase usually not seen in wild-type melanocytes. In albino melanocytes, the normal size protein was absent altogether; two proteins of only Mr 42,000 and 47,000 were apparent (Fig.  3C) . These species were also present in chinchilla melanocytes in addition to the normal size tyrosinase (Fig. 3D, lane cch/cch). Immunoprecipitable tyrosinase in the pink-eyed chinchilla was difficult to detect (Fig. 3D, lane cchp/cp) or appeared predominantly as Mr 23,000 and 47,000 proteins (Fig.   3E ). The latter appeared infrequently in B1O.BR wild-type melanocytes (Fig. 3D, lane C/C) . However, all three low molecular weight proteins appeared after prolonged incubation of B1O.BR extract with antibodies (18 hr at 4QC) in the absence of protease inhibitor (data not shown), suggesting that they were natural cleavage products of the wild-type enzyme and that the mutations did not introduce new proteolysis sites. The amount of tyrosinase immunoprecipitated with anti-tyrosinase antibodies from BALB/c melanocytes and melanocytes from the pink-eyed chinchilla-strain was 10-20 times less and from chinchilla melanocytes 4 times less than from wild-type and himalayan melanocytes. Immunoprecipitation of chinchilla tyrosinase metabolically labeled with [3HJmannose showed that the Mr 47,000 band was a glycoprotein (data not shown). b r x s s õ , @ > . -s t ' * N -: * . . z a r
Ultrastructure. Melanocytes of all strains contained amelanotic premelanosomes (stage II) with a filamentous matrix (Fig. 4) . Only the highly pigmented strains possessed fully opaque stage IV granules (Fig. 4A) .
Himalayan melanocytes contained a large population of multivesicular bodies, which were devoid of melanin, even after incubation with dopa (Fig. 4Ba) . Himalayan melanosomes did not develop beyond stage III (Fig. 4Bc) , and none became fully melanized on incubation with dopa (Fig. 4Bb) . Himalayan melanocytes in hypomelanotic phases contained a normal complement of melanosomes, only few having developed to an early stage III. Chinchilla melanocytes resembled those of the pigmented himalayan strain (not shown).
Melanocytes of the pink-eyed chinchilla were characterized by abundant amelanotic stage II melanosomes (Fig. 4C) and an extensive Golgi network with a large population of associated vesicles (Fig. 4Ca) . Despite the absence of melanin, in some cells the elements of the trans-Golgi network were opaque after incubation with dopa (Fig. 4Ca) , indicating the presence of tyrosinase. No dopa oxidase activity was seen in melanosomes (Fig. 4Cb) . BALB/c (c/c) melanocytes had an extensive dopa-negative Golgi apparatus and welldeveloped stage II melanosomes (Fig. 4D) that were dopa .,.. The data obtained with himalayan melanocytes corroborate the thermal inactivation data derived from preparations of whole skin (4, 6) . In agreement with results of others with skin slices (4) and extracts from homogenates of growing hair bulbs (17) , our data show that melanin content and tyrosinase activity correlate only if the latter is measured in whole cells, and that himalayan tyrosinase activity is far below expected levels when measured in cell extracts. These findings suggest a deficiency inherent to himalayan tyrosinase that has been corroborated by analysis of immunoprecipitated tyrosinase: the himalayan mutation produces a non-or underglycosylated tyrosinase, as shown by a reduced ability of the protein to incorporate mannose and glucosamine. Carbohydrate residues represent =20%o of the total weight of normal tyrosinase (10) (11) (12) . Because carbohydrate moieties regulate further metabolism of glycoproteins, such as turnover, structural stability, and susceptibility to proteolytic degradation (18) (19) (20) (21) , it is likely that the non-or underglycosylated himalayan tyrosinase, in spite of being an active enzyme, is less stable and more susceptible to rapid inactivation in cell lysates. The glycosylation defect may be due to a point mutation, because the size of himalayan tyrosinase mRNA is similar to that from B10.BR.
The chinchilla mutation did not affect the levels of tyrosinase activity and melanin content in the melanocytes, in agreement with the coat color of these mice, which is only slightly lighter than that of black mice. However, immunoprecipitations showed that the chinchilla mutation renders 1 the tyrosinase sensitive to proteolytic cleavage, resulting in two lower molecular weight species, in addition to the normal size protein.
The BALB/c albino melanocytes were amelanotic, and enzyme activity could not be detected by any means. The only proteins detectable by anti-tyrosinase antibodies were low molecular weight species (Mr 42,000 and 47,000). Their levels in the extract were extremely low compared with those of intact tyrosinase in wild-type melanocytes suggesting that the c/c mutation confers an even higher sensitivity to proteolytic degradation on tyrosinase than does the chinchilla mutation.
The pink-eye dilution mutation, p, confers a marked decrease in pigmentation on eyes, skin, and hair that has been attributed to possible alteration(s) in the protein matrix of melanosomes (see refs. 3 and 22 for review). Our preliminary studies show that melanocytes that carry only the p mutation and are otherwise normal at the C-locus have extremely low levels of pigmentation, suggesting that the amelanotic phenotype in the double-mutant heterozygous pink-eyed chinchilla, is not primarily due to the cch or c alleles. The size and abundance of the tyrosinase gene transcript is not altered in the pink-eyed chinchilla, demonstrating that the p, cch, and c alleles do not affect the levels of tyrosinase mRNA but rather affect posttranslational modification and activity of the protein. The apparent failure of the enzyme in the pink-eyed chinchilla melanocytes to leave the trans-Golgi network suggests that the p mutation affects the ability of tyrosinase to be transported to melanosomes or to be active in melanosomes.
